Understanding the underlying mechanism and phenomenology of colossal magnetoresistance in manganites has largely focused on atomic and nanoscale physics such as double exchange, phase separation, and charge order. Here we consider a more macroscopic view of manganite materials physics, reporting on the ferromagnetic domain behavior in a bilayer manganite sample with a nominal composition of La 2−2x Sr 1+2x Mn 2 O 7 with x = 0.38, studied using in-situ Lorentz transmission electron microscopy. The role of magnetocrystalline anisotropy on the structure of domain walls was elucidated. On cooling, magnetic domain contrast was seen to appear first at the Curie temperature within the a − b plane. With further reduction in temperature, the change in area fraction of magnetic domains was used to estimate the critical exponent describing the ferromagntic phase transition. The ferromagnetic phase transition was accompanied by a distinctive nanoscale granular contrast close to the Curie temperature, which we infer to be related to the presence of ferromagnetic nanoclusters in a paramagnetic matrix, which has not yet been reported in bilayer manganites.
I. INTRODUCTION
Bilayer manganites such as La 2−2x Sr 1+2x Mn 2 O 7 exhibit a rich phase diagram based on their doping level, which includes ferromagnetic (FM), antiferromagnetic (AF), and chargeordered phases 1,2 . Due to the complex crystal structure, there are several different exchange interactions within these materials that contribute to their behavior. For example the interbilayer exchange along the c−axis is weaker than the intra-bilayer exchange within the a − b plane, as a result of the intrinsic two-dimensional layered structure 3,4 . These anisotropic exchange interactions along with the competition among orbital, charge, and spin order, as well as lattice distortions, lead to interesting and complex magnetic and transport properties. The double exchange interaction between the Mn 3+ and Mn 4+ ions results in the material undergoing a phase transition from a paramagnetic (PM) insulator to a ferromagnetic (FM) metallic state below the Curie temperature 5 . As a result of this dramatic change in conductivity, the layered manganites exhibit a colossal magnetoresistance (CMR) effect, which has garnered much attention in the past two decades from both a fundamental as well as an applications context.
One of the proposed mechanisms for the CMR effect is that small FM regions, which are connected in a percolative manner 6 , form as the material is cooled through the transition temperature. Magnetic interactions and domains in these manganites and related materials have previously been studied using various techniques such as neutron scattering 7, 8 and magnetic force microscopy 9 , as well as Kerr microscopy 10 . The majority of the research efforts towards understanding the formation of FM domains has been done using reciprocal space and scattering methods. Only recently there have been some efforts towards direct real space visualization of the way in which the small FM regions form and become connected, leading to the formation of FM domains within the material below T c . Lorentz transmission electron microscopy (LTEM) has also been used to study cubic manganites since it offers high spatial resolution and a direct visualization of the magnetic domains [11] [12] [13] . Furthermore with current advanced in-situ capabilities, LTEM offers unique possibilities to study the magnetic phase transitions as a function of temperature, while simultaneously obtaining information about structural and charge ordering using electron diffraction. Phase-reconstruction methods enable quantitative magnetic induction maps to be obtained that can provide information about the nature of the magnetic domain walls as well as physical parameters such as the exchange stiffness of the sample.
In this work, we have explored the behavior of La 2−2x Sr 1+2x Mn 2 O 7 with x = 0.38, which has been reported to show a ferromagnetic transition with a Curie temperature of T c = 125 K 14 . At this doping level, the magnetic moments in the unit cell are oriented such that the crystal has a strong easy plane (a − b plane) anisotropy with K u ≈ −2.5 × 10
5
J/m 3 . 15 The behavior of the magnetic domains and the relationship between the crystal structure and domain structure is discussed in detail together with a derivation of magnetic parameters obtained directly from the nanoscale imaging. Furthermore, we also describe the ferromagnetic phase transition and the observation of a granular nanoscale contrast that provides direct evidence of the coexistence of FM and PM phases in a bilayer manganite.
II. EXPERIMENTAL METHODS
Single crystals of La 2−2x Sr 1+2x Mn 2 O 7 with x = 0.38 i.e., La 1.24 Sr 1.76 Mn 2 O 7 were synthesized using the floating zone method 16 . TEM samples were prepared from these crystals using focused ion-beam milling method as well as conventional polishing, followed by gentle milling by low energy Ar + ions to improve electron transparency. In order to fully understand the magnetic domain behavior and elucidate the role of magnetocrystalline anisotropy on the formation of domain walls, two samples were fabricated with differing geometry; (1) S1 -with the hard axis ( 001 ) in the plane of the TEM sample, (2) S2 -with the hard axis ( 001 ) perpendicular to the plane of the TEM sample. The magnetic domain behavior in the samples was then analyzed in the Lorentz TEM mode using a Tecnai F20 transmission electron microscope. Through-focus series of images were acquired with a nominal defocus ranging between ∆f = 500 − 1000 µm. It should be noted that Lorentz microscopy is only sensitive to magnetization components that are perpendicular to the direction of the electron beam. The local magnetization was analyzed using the gradient of the phase shift of electrons passing through the sample. This phase shift was recovered using the transport-of-intensity equation method 17 . In situ experiments were performed using a liquid N 2 stage that is capable of cooling the sample to 90 K, in order to observe the magnetic domain behavior during the magnetic phase transition from the paramagnetic state to the ferromagnetic state. Since the hard axis for magnetization is in the plane of the sample, the domain walls can be expected to be of Bloch type where the magnetization rotates out-of-plane across the wall. The width of the domain wall can be related to physical constants such as the exchange stiffness and magnetocrystalline anisotropy using the relation: δ ∼ π A/|K u | 18 . Using the classical approximation of spin rotation across a 180
• domain wall, the distribution of the in-plane component of the magnetic induction can be approximated using the relation:
where a, b, c are constants and δ is the domain wall width. In order to confirm the origin of the contrast, we performed image simulations as shown in 
B. Ferromagnetic transition
Next we explored the magnetic domain behavior as a function of temperature across the phase transition from paramagnetic to ferromagnetic state for both the sample geometries. Figure 4 shows the phase transition for TEM sample S1 (hard axis in the plane of the sample). As the temperature decreases from 120 K, the 180
• domain walls are seen to nucleate at the edge of the sample (bottom of the images) and then grow across the TEM sample. The first appearance of magnetic domain wall contrast was observed at T = 118
K. This temperature is about 7 K lower than the Curie temperature of the same sample as measured from magnetometry to be T c = 125 K. This difference can attributed to the fact that at temperatures very close to T c , the ferromagnetic domain signal is too weak to be detected using Lorentz TEM. Similar differences between temperature at which magnetic contrast is observed and the Curie temperature have previously been reported 13? . The area fraction of the sample that was ferromagnetic was calculated as a function of temperature from this series of images. The area fraction roughly corresponds to the total magnetization of the sample under the assumption that it is uniform through the thickness of the sample.
A power-law fit to the area fraction (which is representative of the magnetization) and the reduced temperature, t = (1 − T /T c ), using the relation A ∝ t β yields the exponent, β = 0.36. Figure. 4(b) shows the plot of the measured area fraction as a function of temperature (symbols) together with the power-law best fit to the data (red line). This value of β is close to the literature reported value of β = 0.32 for a three-dimensional Ising model ? . Previous reports have determined the value of β = 0.13 which indicate that the phase transition below T c is still explained by the 2D Ising model 7 , however a crossover to three-dimensional scaling close to T c has been also been suggested 8 .
As for the domain wall structure, a distinctive difference was observed during the phase transition for sample S2 compared with that for S1. observed for a spatial distribution of finite objects in the sample that lead to a phase shift of the electron wave passing through it, resulting in the observation of the contrast only in outof-focus images. Thus the contrast could be related to a distribution of magnetic objects or to effects such as strain related to the phase transition. If the origin of the contrast was crystallographic, i.e. strain, then changes in the bend contour contrast would also be expected. However this was only observed prior to the appearance of the granular contrast as mentioned earlier. We therefore infer that the origin is magnetic and is evidence for the formation of a random distribution of ferromagnetic clusters in a non-magnetic matrix. Since the spins of individual atoms within these ferromagnetic clusters are aligned, each cluster can be described as a nanoscale single domain magnetic object. The expected contrast in the out-of-focus images that is associated with such a single domain magnetic object is schematically shown in the bottom-inset of Figure 6 (a) and (b). Further evidence for this interpretation comes from the fact that the nanoclusters eventually merge to form domains.
An example of a wall segment that has formed is indicated by the red arrow in Figure 6 (a) and (b).
A similar granular contrast of nanoclusters has previously been observed, although only in cubic manganites such as Nd 0.5 Sr 0.5 MnO 3 11 and La 0.55 Ca 0.45 MnO 3 13 . In both cases, the granular contrast was associated with the presence of ferromagnetic nanoclusters. However, in the case of Nd 0.5 Sr 0.5 MnO 3 , the granular constrast was observed only during the phase transition from the AF phase to FM phase. In the case of La 0.55 Ca 0.45 MnO 3 , the ferromagnetic nanoclusters with an ordered superstructure were seen to form within a matrix that was already ferromagnetic with sub-micron size magnetic domains. Here we have observed the formation of these nanoclusters in bilayer manganites during both cooling through the Curie temperature as well as heating through it, without the presence of a charge-ordered phase or any other form of superstructure. The lack of any structural or long-range charge ordering was confirmed using electron diffraction during the heating and cooling. From the plot of the intensity (Figure 6(d) ), the size of these nanoclusters can be measured as roughly 40 nm (peak to peak distance). However, it must be noted that the high defocus value used in these images results in additional magnification. Therefore the true size of these nanoclusters is expected to be smaller than 40 nm. This size is still significantly larger than the lattice spacing in the a − b plane of ∼ 0.4 nm or the inter-bilayer distance of ∼ 2 nm.
This suggests that we are only able to image the clusters once they reach a size that their net magnetic moment is detectable using Lorentz TEM.
IV. SUMMARY
In summary, we have studied the magnetic domain wall structure in La in the ferromagnetic regime and its relation to the crystallography of the sample. Using the freedom to prepare the TEM sample along different crystallographic orientations, we investigated the detailed structure of the domain walls and were able to conclude that fabrication of the TEM sample does not significantly alter the domain wall behavior as compared to the bulk. When the hard axis of magnetization was in the plane of the TEM sample, 180
• Bloch walls are observed. By measuring the domain wall width from the nanoscale imaging, we determined the exchange stiffness of the material. In the sample with the hard axis of magnetization perpendicular to the sample plane, we observed broad band-like contrast for the domain walls. By comparing the experimental images with simulated ones, we were able to conclude that the domain walls are inclined which results in the broadening of the contrast. By analyzing the in-situ growth of magnetic domains as a function of temperature during cooling, we were able to determine the nature of the ferromagnetic transition by fitting a power law to the magnetization versus temperature data and estimating the critical exponent β to be 0.36. We infer that this corresponds to a crossover to three-dimensional scaling close to T c . We were also able to visualize the formation of nanoclusters during the phase transition close to T = T c which showed a direct evidence of co-existence of magnetic and non-magnetic phases in bilayer manganites. Additionally, we also observed that [010]
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